Amyotrophic lateral sclerosis (ALS) is an etiologically and prognostically heterogeneous, progressive neurodegenerative syndrome with a median survival of 2--3 years.^[@R1]^ Several genetic mutations have been associated with ALS, the 2 most prevalent being a hexanucleotide repeat expansion (HRE) in intron 1 of *C9orf72* (C9orf72HRE) in 8%--11% and coding mutations in the gene encoding the superoxide-free radical scavenging enzyme Cu,Zn-superoxide dismutase (SOD1) in 4%--7% of patients with ALS in Caucasian populations.^[@R2]^ Type I interferons (IFNs), including IFN alpha (IFN-α), interleukins (ILs), and tumor necrosis factor (TNF), are components of the innate immune system and exert key functions in the inflammatory processes of the CNS.^[@R3]^ Of interest, in a study of mice carrying the human mutated *SOD1* (mSOD1) variants, IFN-stimulated genes were upregulated before motor neuron loss and clinical onset, and inhibition of IFN signaling was found to be associated with increased life span.^[@R4]^ Furthermore, elevated levels of IL-6 and IL-1b were observed in CSF and spinal cord tissue from patients with ALS, and activation of the TNF alpha (TNF-α) has been reported in ALS.^[@R5],[@R6]^ However, these previous studies were based on small heterogeneous patient groups not genotyped for ALS-related mutations, which may differentially affect the immune system. The aim of the present study is to analyze a panel of cytokines in patients with different clinical and genetic types of motor neuron disease (MND), including ALS, to gain insights into the role(s) of inflammatory cytokines across subtypes of ALS and to investigate the prognostic potential of these biomarkers.

Methods {#s1}
=======

Study design {#s1-1}
------------

This study is a retrospective case series with a prospective longitudinal follow-up of patients with an MND diagnosis. Clinical information, including certain MND-related mutations, was provided from a clinical registry/database of patients with MND with associated biobank (blood and CSF samples).

Patients {#s1-2}
--------

The study cohort consisted of patients referred for possible adult-onset MND to the Department of Neurology, Umeå University Hospital, Sweden, during the period 1994--2016. All patients were evaluated with a uniform diagnostic algorithm from the EFNS consensus criteria.^[@R7],[@R8]^ With a written informed consent, as part of the diagnostic evaluation, an extra 4 mL of uncentrifuged CSF and paired ethylenediamine tetraacetic acid--blood samples (immediately centrifuged into plasma, buffy coat, and erythrocyte fractions) were collected and stored at −80°C. In the initial selection process, patients with a previous medical history of CNS infection, tuberculosis, neuroborreliosis, HIV, syphilis, systemic inflammatory, or neoplastic diseases or an ongoing medication with anti-inflammatory drugs were excluded. The total number of patients selected was 289, but 41 of these were excluded (for incomplete follow-up clinical data, insufficient biological material available, and/or alternative diagnosis). The resulting study population consisted of 248 treatment-naive patients with a clinical phenotype compatible with MND, including probable or definite ALS.^[@R7][@R8][@R9]^

Patients with MND were divided into (1) ALS with adult onset of initial progressive wasting and paresis of spinal-innervated skeletal muscles with definite signs of upper- and lower-motor neuron involvement with preserved or almost-preserved sensory and autonomic functions and (2) other MNDs (OMND; i.e., MND cases that for any reasons did not fulfill the above criteria).^[@R7],[@R8]^

The ALS group was further divided into mSOD1, C9orf72HRE, and cases without mutations in these genes (other ALS \[OALS\]). An advantage of this study was the prospective clinical follow-up and evaluation of the enrolled patients by the same ALS team at regular intervals until the patient either died or received an alternative non-ALS diagnosis. Furthermore, this procedure facilitated the distinction of patients who had bulbar-onset variant of ALS and later developed generalized ALS from those who had progressive bulbar palsy (PBP) as a manifest condition. None of the included patients later received life-extending invasive ventilation treatment.

With a written informed consent, the screening for a panel of ALS-causing genes was performed using DNA extracted from peripheral blood leukocytes as described.^[@R10]^

Protein quantification in CSF and plasma {#s1-3}
----------------------------------------

The assays for measuring TNF-α, IL-1β, IL-6, IL-10, IL-17A, TNF-related apoptosis-inducing ligand (TRAIL), and IFN-α were performed on a Simoa HD-1 Analyzer (Quanterix, Lexington, MA) using the manufacturer\'s instructions, reagents, and consumables. The instrument has previously been described in detail.^[@R11]^ For each assay run, 2 controls prepared from commercially available control material and 2 pools of \>3 anonymized CSF/plasma samples were included as external and in-house quality controls, respectively (table e-1, [links.lww.com/NXI/A204](http://links.lww.com/NXI/A204)). The samples were defined as below lower limit of detection if the signal was below that of (blank + 3 × SD). Cytokines were detectable in \>95% of individuals except for CSF IL-17A (39%), plasma IL-1β (69%), and IFN-α in CSF (31%) and plasma (58%). The staff was blinded to the group status of patients when performing the analyses. Analyses were performed in an accredited laboratory at the Department of Biochemistry & Immunology, Lillebaelt Hospital, Vejle, Denmark.

Statistics {#s1-4}
----------

The statistical analyses were performed using Stata IC 15 software package (StataCorp, 2017; Stata Statistical Software: Release 15; StataCorp LLC, College Station, TX). All tests were 2 tailed. The Fisher exact test was used to test for differences between distributions of sex or genotype as appropriate and Baptista and Pike\' method used to calculate ORs and corresponding 95% CIs. *SOD1* and *C9orf72* genotypes were used for the substratification of patients. Direct group comparisons were made using the Mann-Whitney or Kruskal-Wallis test, followed by the Dunn post hoc test. Samples below limit of detection were tied at 0.00 pg/mL and included in nonparametric analyses. To address multiple testing, Benjamini-Krieger-Yekutieli correction was applied for serial Mann-Whitney or Dunn testing to obtain a corrected *q* value. For survival analyses, Cox regression was used to calculate the hazard ratio (HR) for a cytokine with the time frame being the day of biosampling (diagnostic evaluation) until the day of death or, when this information was unavailable, censoring at the latest known follow-up. Adjustment for patient age at the time of collecting of the samples was also completed. To control for any impact of long-term storage at −80°C on detected cytokine levels, bootstrap correlation was performed (500 iterations each). If a significant correlation was found (*p* \< 0.05), robust regression was performed, and the regression coefficient was used as a conservative correction factor to obtain corrected cytokine measurements. Such correction was made for CSF TNF-α, IL-1β, and IL-10 and plasma IL-1β and TRAIL (table e-2, [links.lww.com/NXI/A205](http://links.lww.com/NXI/A205)).

Standard protocol approvals, registrations, and patient consents {#s1-5}
----------------------------------------------------------------

Verbal and written informed consent for collecting blood and CSF samples was obtained from all participants. The study was approved by the Swedish Research Ethical Committees (J.no. FEK94-135 with updates, most recently EPN2018-496-32M). Patients were enrolled who qualify according to standard ethical approval and able to give verbal and written informed consent. As the cytokine laboratory work and data analysis were performed in Denmark, approval was also obtained from the Regional Ethics Committee for Southern Denmark (S-20150002 G) and Danish Data Protection Agency. The study was fully performed in accordance with the Declaration of Helsinki (WMA, 1964).

Data availability {#s1-6}
-----------------

Anonymized data of this study will be available from the corresponding author on reasonable request from any qualified investigator, following the EU General Data Protection Regulation.

Results {#s2}
=======

Demographics and clinical characteristics of patients with ALS and OMND {#s2-1}
-----------------------------------------------------------------------

Of the 248 included patients with MND, 164 ended up being diagnosed with classical spinal-onset ALS, 2 had coexisting frontotemporal dementia (FTD), and 1 had Parkinson disease. The remaining 84 patients were categorized as OMND, including PBP (n = 57), progressive muscular atrophy (n = 10), primary lateral sclerosis (n = 2), spinal and bulbar muscular atrophy (DNA verified; n = 3), pseudobulbar palsy (n = 7), combinations of PBP with other neurodegenerative diseases (Parkinson disease, multiple system atrophy, or FTD, with 1 patient each), and atypical motor phenotypes (n = 2). The clinical and demographic data are presented in [table 1](#T1){ref-type="table"}. No difference was observed between males and females in terms of age at onset of symptoms or in the age at diagnostic evaluation (i.e., at biosampling, *q* = 0.70 for ALS, *q* = 0.99 for OMND; data not shown).
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For deceased patients, we calculated the fraction of total disease duration that had passed before the diagnostic evaluation (i.e., \[time from onset to diagnostic evaluation\]/\[total disease duration\]). The result ranged from 4% to 98%--99%, and the median was 48% and 43% for ALS and OMND, respectively. Thus, our cohort represented both early disease (survival 3--10 years), intermediate (survival 1--3 years), and terminal stages (less than 12 months of survival). The prevalence and distribution of the investigated ALS-related mutations are presented in [table 1](#T1){ref-type="table"}. Briefly, pathogenic *SOD1* mutations were detected in 24 of 164 investigated patients with ALS (14.6%) compared with none of the 84 patients with OMND (0%; *p* \< 0.0001). The occurrence of C9orf72HRE was observed in 19 patients with ALS and 6 patients with OMND (5 with PBP and 1 with progressive muscular atrophy), not significantly different (11.6% and 7.1%, respectively; *p* = 0.37). One patient carried a possibly pathogenic *VAPB*^*Met170Ile*^ mutation, and this patient was not included in genetic subgrouping. The sex distribution among patients with mutations was comparable to that of OALS (data not shown).

The median time from the first self-reported symptom to the time of diagnostic evaluation was longer in patients with mSOD1 ALS (43.7 months, 2.5th and 97.5th centiles: \[2.3--267\]) than in patients with OALS (14.2 months \[3.6--98.7\]; *q* \< 0.0001) and C9orf72HRE ALS (11.9 months \[2.5--24.5\]; *q* \< 0.0001). The median age at diagnostic evaluation was 54.9 (29.4--72.7) years for patients with mSOD1 ALS, which was significantly younger than that of patients with OALS (62.0 \[21.2--81.5\]; *q* = 0.006) but not relative to patients with C9orf72HRE ALS (61.8 years \[46.2--75.4\]; *q* = 0.11). In general, patients with ALS were younger at the time of diagnostic evaluation compared with those with OMND (69.8 years \[40.9--86.4\]; *q* \< 0.0001), and this finding was true even for the oldest ALS patient group (OALS) compared with patients with OMND (*q* \< 0.0001).

Cytokine levels in patients with ALS and OMND {#s2-2}
---------------------------------------------

To address the differences in inflammatory processes in patients with ALS and OMND, a panel of cytokines in the plasma and CSF samples were studied. None of the measured cytokine levels in the CSF and plasma samples showed differences between patients with ALS and OMND ([table 2](#T2){ref-type="table"}). Comparing patients with ALS by their underlying mutations led to the observation that CSF TNF-α was increased in patients with OALS compared with patients with C9orf72HRE (*q* = 0.014). Finally, patients with C9orf72HRE ALS had higher CSF IFN-α compared with those with OALS and mSOD1 ALS (*q* = 0.042 and *q* = 0.042, respectively; [table 3](#T3){ref-type="table"}).
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Cytokine levels in patients with ALS stratified into genetic subgroups
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We determined whether cytokine levels were associated with patients\' sex and found no such association (not shown). We also correlated patients\' age at the time of diagnostic evaluation with cytokine levels in the CSF and plasma samples. For patients with ALS, we found weak but significant correlations for CSF TNF-α and IL-10 and plasma TNF-α, IL-6, and IL-17A (Spearman rho: 0.16--0.27; not shown). For patients with OMND, a similar correlation test between age at the time of diagnostic evaluation and cytokine levels revealed a correlation for CSF TNF-α and IL-10 and plasma TNF-α, IL-6, and IL-17A (Spearman rho: 0.23--0.39; not shown). Thus, age likely influences CSF and plasma levels of a number of cytokines in patients with ALS and patients with OMND. In addition, the OALS subgroup of patients showed weak correlations for plasma levels of TNF-α, IL-6, IL-10, and IL-17A (table e-3, [links.lww.com/NXI/A206](http://links.lww.com/NXI/A206)). For mSOD1, correlation was found for CSF IL-6 and IL-10 (Spearman rho 0.42, 95% CI \[0.054--0.78\] and Spearman rho = 0.46 \[0.034--0.88\], respectively). In patients with C9orf72HRE ALS, CSF TRAIL was negatively correlated with age (Spearman rho = −0.58 \[−0.29 to −0.86\]). These findings indicate that unique inflammatory signatures may associate with the genetic subtypes of ALS.

Among the deceased patients (n = 141 for ALS and n = 78 for OMND), cytokine levels were compared in patients who survived less than 12 months from the time of diagnostic evaluation (i.e., late stage disease) to those who had intermediate or early stage diseases (i.e., surviving 1--3 or 3--10 years). In the combined group of patients with ALS and OMND, patients who died within 1 year (n = 74) showed higher levels of 3 cytokines (CSF TNF-α: \<1 year vs 1--3 years, *q* = 0.019; \<1 year vs 3--10 years, *q* = 0.019; and plasma TNF-α: \<1 year vs 1--3 years, *q* = 0.035; IL-1β: \<1 year vs 1--3 years, *q* = 0.0002; 1--3 years vs 3--10 years, *q* = 0.0122) and reduced plasma TRAIL (\<1 year vs 3--10 years, *q* = 0.020; 1--3 years vs 3--10 years, *q* = 0.020) compared with those surviving 1--3 years (n = 99) or 3--10 years (n = 46), total (n = 145; [figure 1](#F1){ref-type="fig"}).

![Cytokine levels in patients surviving \<1 year, 1--3 years, or 3--10 years\
Deceased patients with amyotrophic lateral sclerosis (blue, n = 141), other motor neuron diseases (red, n = 78) were grouped into those surviving \<1 year, 1--3 years, or 3--10 years, and cytokine levels compared by the Dunn test. (A) CSF tumor necrosis factor alpha (TNF-α), (B) plasma TNF-α, (C) plasma interleukin (IL)-1β, (D) plasma TNF-related apoptosis-inducing ligand. \**p* \< 0.05. \*\**p* \< 0.01. Upward arrows indicate which group has the highest relative level. IL = interleukin; TNF-α = tumor necrosis factor alpha; TRAIL = TNF-related apoptosis-inducing ligand.](NEURIMMINFL2019024687f1){#F1}

Disease survival and association with cytokines {#s2-3}
-----------------------------------------------

Patients with ALS and OMND showed a similar delay from the first symptom to diagnostic evaluation ([table 1](#T1){ref-type="table"}). By contrast, survival in ALS was better than in OMND when considering survival time from the first symptom and time of diagnostic evaluation. The median survival time from the first self-reported symptom was higher in patients with ALS (39.8 months, 2.5 and 97.5 percentiles \[9.4--227\]) than those with OMND (30.0 months \[5.0--210\]; *q* = 0.024, [table 1](#T1){ref-type="table"}). The median survival time from time of diagnostic evaluation was similar between patients with ALS (20.3 months \[1.0--130\]) and OMND (15.8 months \[0.8--146\]; *q* = 0.23, [table 1](#T1){ref-type="table"}). Within the ALS patient group, survival from the first self-reported symptom was longer in patients with mSOD1 (8.5 years \[0.9--26.4\]) compared with those with C9orf72HRE ALS and OALS (3.1 years \[1.0--5.8\] and 3.0 years \[0.7--12.6\]; *p* = 0.0020 and *p* = 0.0008, respectively; not shown). Survival from the time of diagnostic evaluation was shorter in patients with OALS (median survival 18.3 months, 2.5 and 97.5 percentiles \[0.7--116\] and HR 1.92 \[1.16--3.18\]) and C9orf72HRE ALS (23.4 months \[1.7--48.7\] and HR 2.10 \[1.05-4.18\]) than mSOD1 ALS (38.9 months \[1.7--158\]; [table 1](#T1){ref-type="table"} and [figure 2](#F2){ref-type="fig"}). Survival was particularly heterogeneous between different *SOD1* mutations. The D90A homozygous patients, which were also the most frequent carriers in the cohort, were mainly responsible for the wide span in the survival of patients with mSOD1.^[@R12]^ In general, age was a significant factor for survival in ALS and OMND (HR = 1.03; 95% CI \[1.02--1.04\], and HR = 1.03; 95% CI \[1.01--1.06\]; [table 4](#T4){ref-type="table"}). Therefore, in all subsequent Cox regressions, age was used as a covariate. In the general ALS patient group (i.e., independently on underlying mutations), we observed an increased HR for the plasma levels of IL-10 (HR = 1.17; 95% CI: 1.05--1.30; [table 4](#T4){ref-type="table"}). Next, we identified whether a gene-specific association exists between cytokines and survival. Again, age was a significant factor for the survival of patients with OALS and C9orf72HRE but not for patients with mSOD1 ALS ([table 5](#T5){ref-type="table"}). When cytokine-specific effects on survival were stratified by gene mutations, IL-10 appeared as a significant factor for patients with OALS (HR = 1.15; 95% CI: 1.02--1.30; [table 5](#T5){ref-type="table"}) but not for patients with mSOD1 ALS and C9orf72HRE ALS. Thus, the effect of plasma IL-10 found for all patients with ALS irrespective of genotype ([table 4](#T4){ref-type="table"}) was probably derived from the OALS subgroup. Similar effects were found for plasma TNF-α and TRAIL in patients with OALS (HR = 1.01; 95% CI: 1.00--1.02 and HR = 1.01; 95% CI: 1.00--1.01, respectively). Patients with mSOD1 ALS showed only a strong association with CSF TRAIL (HR = 10.5; 95% CI: 1.12--98.6). In patients with C9orf72HRE, plasma IL-1β appeared related with survival (HR = 5.90; 95% CI: 1.27--27.5), a phenomenon not seen in patients with OALS or mSOD1 ALS. In summary, the data showed significant differences between OALS and the genetic subtypes of ALS in their cytokine reactivity.

![Survival of patients with genetic subtypes of ALS and OMND\
(A) The prognosis for patients with different subtypes of ALS is heterogeneous, as survival was shortest in patients carrying C9orf72HRE, followed by cases without mutations in the *SOD1* and *C9orf72* genes (OALS), and longest for patients with a pathogenic *SOD1* mutation (mSOD1). (B) Patients with OMND have similar survival whether carrying a *C9orf72* mutation or not. *p* Values indicate the log-rank test for equality of survivor functions. ALS = amyotrophic lateral sclerosis; HR = hazard ratio; C9orf72HRE = *C9orf72* hexanucleotide repeat expansions; OALS = other amyotrophic lateral sclerosis; OMND = other motor neuron disease.](NEURIMMINFL2019024687f2){#F2}
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Cytokines and survival in patients with ALS and OMND
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Association between cytokine levels and disease survival across different ALS subgroups
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Discussion {#s3}
==========

In the current study, we provide evidence for the effects of age, mutations in ALS-related genes, and cytokine levels on survival. The data indicate that differences in cytokine levels across subtypes of ALS are correlated with survival in a genotype-specific manner, suggesting specific immunopathologic processes related to ALS genetic variants.

Immunopathologic processes related to ALS genetic variants {#s3-1}
----------------------------------------------------------

Previous studies have reported age as a negative prognostic factor for ALS.^[@R13]^ In this study, decreased survival time with increasing age was observed both for patients with OMND and ALS after stratification for gene mutations except in patients with mSOD1 ALS, suggesting that *SOD1* mutations as such are a dominating modifying factor. Moreover, the cytokine levels correlated with age. This characteristic may both arise from the pathogenic mechanisms at play in ALS and be a reflection of aging processes, which contribute to cytokine dysregulation.

Cytokines regulate immune responses and have been linked to the process of neurodegeneration, as drivers of the inflammatory cascade contributing to neuronal death.^[@R14]^ Emerging evidence from experimental and clinical observations suggests that inflammation plays a role in the pathogenesis of ALS.^[@R15]^ It is still uncertain whether the action of cytokines is a primary contributory process or a secondary phenomenon as a consequence of motor neuron death. Various types of neuronal stress and death-inducing mechanisms will trigger different immune pathways in the microenvironment, for instance through activation of various innate receptors.^[@R16],[@R17]^ In mSOD1^G37R^ mice, reducing transgene expression in CD11b^+^ microglia/macrophages markedly ameliorated late-stage pathology without altering time of clinical onset.^[@R18]^ These data support that neurons are the primary targets during pathology, but that neuron-microglia crosstalk is mechanistically important during progression, and that disease-causing processes in neurons could give rise to certain immunologic fingerprints through downstream induction of different stimuli. In the current study, the survival was negatively associated with plasma levels of IL-10 in patients with ALS. Furthermore, patients who died within 1 year had higher levels of TNF-α in CSF and of TNF-α and IL-1β in plasma, suggesting that these inflammatory markers may serve as negative prognostic markers. Several studies indicate that IL-10 plays a role in inflammatory diseases, such as MS, systemic lupus erythematosus, rheumatoid arthritis, Crohn disease, and psoriasis.^[@R19]^ The survival time in various hematologic malignancies and ovarian cancer has been reported to be negatively correlated with the levels of IL-10.^[@R20],[@R21]^ In ALS, the role of IL-10 has only been studied in a small cohort. One previous retrospective study of 29 patients found that higher plasma IL-10 levels predicted longer disease duration, with a median sampling delay from onset of 17.7 months (range 4.1--189.5 months),^[@R22]^ which is at variance with our findings among 164 patients with ALS. An explanation could be the limited sample size of 29 patients and the subsequent risk of type II error. Furthermore, the previous study defined total disease duration from symptom onset to death,^[@R22]^ whereas we considered from the day of biosampling (initiation of diagnostic process) until death. It could be speculated that the levels of IL-10 change during the disease course as a compensatory mechanism to counteract excess proinflammatory stimuli. The molecular mechanisms regulating IL-10 production by CNS cells, i.e., microglia, astrocytes, and neurons, are sparsely known.^[@R23],[@R24]^ The mechanism of action of IL-10 can include differentiation of regulatory microglia/macrophages that weakens the inflammatory response. Remarkably, in the autopsy materials from the patients with ALS, strong IL-10 immunoreactivity colocalizes with inclusions containing TAR DNA-binding protein (TDP)-43 in motor neurons, supporting the concept that IL-10 is involved in the pathogenesis of ALS.^[@R25][@R26][@R27]^

Specifically, for patients with C9orf72HRE ALS, we observed an association between plasma IL-1β and survival, indicating the involvement of IL-1β in this subset of patients, but not in mSOD1 ALS or OALS. This finding may add to an explanation for the poor prognosis among patients with C9orf72HRE ALS. Of interest, an animal study using *C9orf72* knockout mice demonstrated disrupted microglial function, which was linked to neuroinflammation with increased levels of cytokines IL-6 and IL-1β.^[@R28]^ Similar to other neurodegenerative diseases, intracellular protein aggregates are a major characteristic pathologic hallmark in ALS, with TDP-43 protein as a major component.^[@R16],[@R29]^ Of interest, phosphorylated TDP-43 may be identified in the skeletal muscle of patients with ALS as in patients with inclusion body myositis.^[@R30]^ A study reported that exposure of microglial cells to TDP-43 aggregates resulted in the secretion of proinflammatory cytokines including TNF-α and IL-1β, which suggests that TDP-43--mediated signaling contribute to microglial neurotoxic activation in ALS.^[@R31]^ Another recent study of C9orf72HRE knock-in mice highlighted increased innate immune signaling without mentioning specific cytokines/pathways, but IL-1β is central in innate immunity, and produced by all CNS-resident cells downstream of inflammasome signaling.^[@R32],[@R33]^ This could suggest overactivation of inflammasomes as a mechanism behind the observed IL-1β associations. Supporting this, immunopathologic studies of microglia in tissues of patients with C9orf72HRE and non-C9orf72HRE ALS indicate a contribution of C9orf72HRE to the neurodegenerative process, which is paralleled by enhanced inflammation in such patients.^[@R34]^ Recently, it has been suggested that long double-stranded RNA (dsRNA) is a transcription product of the C9orf72HRE gene mutation, and such dsRNA was shown in the neuronal cytoplasm of C9orf72HRE patient brains, coinciding with upregulation of dsRNA sensors that are key in innate immune sensing of viral infections.^[@R35]^ Our finding of increased CSF IFN-α in C9orf72HRE suggests that detrimental antiviral processes are specifically induced by the C9orf72HRE mutation.

In the present study, after stratification for gene mutations, the plasma levels of IL-10, TNF-α, and TRAIL correlated negatively with survival in patients with OALS, suggesting a potential prognostic value of these cytokines for specific subtypes of patients with ALS. Clinical and immunopathologic observations from human and experimental studies support that TNF-α, TRAIL, and their respective receptors are involved in the pathogenesis of ALS and are directly implicated in the motor neuron death via the receptor-mediated induction of apoptosis.^[@R6],[@R36],[@R37]^ However, in previous clinical studies, TNF-α did not correlate with disease duration.^[@R38]^ We also observed higher levels of TNF-α in the end-stage disease of MND, including patients with ALS, paralleled with reduced TRAIL, suggesting that these have a prominent role as prognostic markers. TNF-α and TRAIL belong to the TNF superfamily of cytokines, recognized by their role in controlling survival, proliferation, and cell death.^[@R39]^ This suggests that apoptotic signaling balance is disrupted during late-stage disease, as reflected by an increased TNF-α:TRAIL balance. Collectively, we have identified potential biomarker candidates that are associated with prognosis of ALS and may be useful as therapeutic targets. Clinical trials suggest that IFN-α analogues are not effective in the treatment of ALS,^[@R40],[@R41]^ despite the suggestion that activation of the IFN pathway is linked to disease duration.^[@R4]^ In pilot studies, IV immunoglobulin (IVIg) has been used to treat ALS.^[@R42],[@R43]^ The mechanisms of IVIg therapy include downregulation of cytokine networks; however, no evidence has been provided on any effect on disease progression in patients with ALS. Furthermore, microglial activation and upregulation of TNF-α and IL-6 expression are involved in the proinflammatory mechanisms counteracting ALS pathology and have been suggested as potential therapeutic targets for ALS.^[@R37],[@R44],[@R45]^ Tocilizumab (anti-IL6) was studied in inflammatory gene transcription in peripheral blood mononuclear cells from a limited number of patients with ALS and controls. Infusions of tocilizumab in the patients with ALS with strong inflammatory activation led to downregulation of inflammatory genes including IL1β. TNF-α signaling inhibitors, e.g., thalidomide, may also represent a potential target for intervention. However, solid evidence has not so far appeared for the utility of inflammation-related treatment for ALS, which may reflect multiple and complex pathogenic mechanisms.

One important strength of our analysis was that laboratory investigations were performed blindly using automated techniques to strengthen data reliability. The quantification of CSF cytokines has until recently presented a technical limitation. However, the ultra-sensitive Simoa technology has led to a substantially improved capability to detect cytokines in the etiology of nonautoimmune diseases, such as ALS.^[@R46]^ Furthermore, this study was performed in a large treatment-naive patient cohort with associated information on clinical and genetic mutations and a longitudinal prospective follow-up. A limitation was the cross-sectional design of our study instead of a longitudinal design with multiple samples; however, our cohort represented all disease stages. A large multipopulation study designed to validate these observations would be an obvious continuation. In conclusion, we found evidence that cytokine levels associate with ALS disease duration in a genotype-specific manner, indicating that specific immunopathologic processes may be at play in the genetic subtypes of ALS and contributing to neuronal death. An aim for future study could be to investigate whether neuronal-glial signaling influences disease progression at different stages of the disease process.
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